[1] Thin cirrus clouds (optical depth (OD) < 0.3) are often undetected by standard cloud masking in satellite aerosol retrieval algorithms. However, the Multiangle Imaging Spectroradiometer (MISR) aerosol retrieval has the potential to discriminate between the scattering phase functions of cirrus and aerosols, thus separating these components. Theoretical tests show that MISR is sensitive to cirrus OD within Max{0.05, 20%}, similar to MISR's sensitivity to aerosol OD, and MISR can distinguish between small and large crystals, even at low latitudes, where the range of scattering angles observed by MISR is smallest. Including just two cirrus components in the aerosol retrieval algorithm would capture typical MISR sensitivity to the natural range of cirrus properties; in situations where cirrus is present but the retrieval comparison space lacks these components, the retrieval tends to underestimate OD. Generally, MISR can also distinguish between cirrus and common aerosol types when the proper cirrus and aerosol optical models are included in the retrieval comparison space and total column OD is >∼0.2. However, in some cases, especially at low latitudes, cirrus can be mistaken for some combinations of dust and large nonabsorbing spherical aerosols, raising a caution about retrievals in dusty marine regions when cirrus is present. Comparisons of MISR with lidar and Aerosol Robotic Network show good agreement in a majority of the cases, but situations where cirrus clouds have optical depths >0.15 and are horizontally inhomogeneous on spatial scales shorter than ∼50 km pose difficulties for cirrus retrieval using the MISR standard aerosol algorithm.
Introduction
Thin cirrus clouds, classified here as cirrus with optical depths (ODs) between about 0.03 and 0.3 [Sassen and Cho, 1992] , are common in the atmosphere and may dominate the cirrus coverage globally [Comstock et al., 2002] . In addition to being important to the radiative budget of the atmosphere [Forster et al., 2007] , thin cirrus can contribute significantly to the radiances measured from passive Earthobserving-satellite instruments; however, it can be difficult to uniquely identify the amount they contribute to these radiances [Kahn et al., 2001] . Principal Earth-observingsatellite applications affected by thin cirrus are the measurement of aerosol optical depth (AOD) and aerosol physical properties (e.g., shape, size, and single-scattering albedo) from passive imaging instruments [Kaufman et al., 2005] . For most passive imaging instruments, including the Multiangle Imaging Spectroradiometer (MISR) on board NASA's Earth Observing System (EOS) Terra satellite, the ability to identify and mask cloudy pixels with standard methods when retrieving aerosol parameters begins to break down when cloud optical depths fall below about 0.3 in the nadir view and around 0.1 for the steepest forward-viewing MISR camera [Zhao and Di Girolamo, 2004; Zhao, 2006] . This means that when present, thin cirrus might actually contribute to the retrieved aerosol products, aliasing the results. However, if MISR is able to identify thin cirrus and possibly constrain their physical properties, there may be improvements in both aerosol products and our understanding of the nature of thin cirrus. [3] Recently, progress has been made in determining thin cirrus coverage statistics, particularly in the tropics. Comstock et al. [2002] and Immler et al. [2007] both present statistics of cirrus optical depth from ground-based lidar in tropical locations, and both show a preponderance of thin cirrus. Dessler and Yang [2003] , Dessler et al. [2006] , and Kahn et al. [2008] used the Moderate Resolution Imaging Spectrometer (MODIS) 1.375 mm band designed for cirrus detection, the Geoscience Laser Altimeter System, and the Atmospheric Infrared Sounder satellite instruments, respectively, to measure tropical thin cirrus coverage. Even with these advancements, large uncertainties remain in both the macroscale and microscale property climatologies of thin cirrus, as well as how they contribute to clear-sky top-of-atmosphere (TOA) radiances measured by MISR and other remote-sensing instruments.
[4] MISR views Earth with four spectral bands, centered at 446, 558, 672, and 867 nm, from each of nine different viewing angles, 70.5°, 60.0°, 45.6°, and 26.1°in both the forward and aft directions along the flight path, as well as nadir. MISR was launched into polar orbit and has been operational since early 2000, viewing Earth with a ∼360 km wide swath and a spatial resolution of 275 m to 1 km, depending on channel and instrument viewing mode. Zonal coverage is completed every 9 days at the equator and 2 days near the poles ]. The unique combination of multispectral and multiangle information from MISR yields information on both extensive (optical depth) and intensive (size, shape, and single-scattering albedo) aerosol properties. Aerosol retrievals are performed by fitting the MISR radiances using the spectrally dependent scattering phase functions of typical atmospheric aerosols [Martonchik et al., 1998; Kahn et al., 2001] . McFarlane et al. [2005] and McFarlane and Marchand [2008] have successfully developed a technique for retrieving opaque cirrus properties using MISR radiances along with the 2.13 mm MODIS band. [5] If the spectrally dependent scattering phase functions of various ice-crystal habits are known, these phase functions can be incorporated with the aerosol phase functions in the radiance fit, and the cirrus and aerosol contributions might be separated, depending on uniqueness. As part of prelaunch theoretical sensitivity studies, Kahn et al. [2001] performed initial tests of the ability to resolve thin cirrus in MISR aerosol retrievals. Using a standard ice-crystal phase function available at the time [Mishchenko et al., 1996] , they found that in principle, the retrieval could distinguish thin cirrus from aerosols if the total column optical depth is greater than about 0.2 and the cirrus contribution is more than 20%. The ability to distinguish between aerosol types was reduced by the presence of cirrus, but the sensitivity to total aerosol optical depth was maintained. A limitation of these tests was that only a single ice-crystal phase function was used for both the retrieval comparison space and the assumed test atmosphere.
[6] However, ice-crystal phase functions in the real atmosphere are uncertain because crystals exist in many shapes and sizes [Baum et al., 2005a] that depend on the environment in which they are formed. The scattering phase functions depend particularly on crystal shape [Zhang et al., 2004] . With the MISR aerosol retrieval method, if the assumed phase functions do not closely match the phase functions of cirrus in the atmosphere, the ability to resolve cirrus shown by Kahn et al. [2001] would be reduced. Fortunately, progress has been made in understanding icecrystal scattering properties; in addition to hexagonal crystal phase functions often used to represent thin cirrus [Takano and Liou, 1989] , Baum et al. [2005a Baum et al. [ , 2005b present a suite of ice-crystal mixtures and corresponding phase functions derived from extensive tropical and midlatitude field measurements. Several of these ice-crystal mixtures are likely common in tropical and midlatitude thin cirrus and may be useful for decoupling thin cirrus and aerosols in MISR aerosol retrievals. [7] In this paper, we greatly expand on the MISR thin cirrus theoretical sensitivity tests first presented by Kahn et al. [2001] by exploring how mismatches between the ice-crystal type (shape and size) assumed in the retrieval algorithm and those actually in the atmosphere affect the retrieval results. Similar theoretical sensitivity tests have been used previously to determine the sensitivity of MISR to particle sphericity/dust [Kahn et al., 1997; Kalashnikova and Kahn, 2006] , spherical particle size and single-scattering albedo Chen et al., 2008] , and particle mixtures [Kahn et al., 2001] . In the theoretical tests presented here, we will ask the following questions: [8] 1. Which combinations of ice-crystal type assumed in the algorithm and actually in the atmosphere will yield acceptable retrievals? How sensitive is MISR to cirrus optical depth in these cases? [9] 2. Are there a small number of ice-crystal types that can generally represent all crystal types tested here, within the limits of MISR retrieval sensitivity? This could provide a practical way to include cirrus in a future version of the MISR standard aerosol retrieval algorithm.
[10] 3. Under what cirrus type, aerosol type, and total column optical depth conditions, and to what degree, is the algorithm likely to falsely identify cirrus as aerosol?
[11] 4. Under what cirrus type, aerosol type, and total column optical depth conditions, and to what degree, is the algorithm likely to falsely identify aerosol as cirrus?
[12] Following the theoretical sensitivity tests, we explore MISR's ability to retrieve cirrus in the real atmosphere using ground-based lidar measurements coincident with MISR flyovers. These comparisons allow us to test the theoretical study results.
[13] In the following section, we describe the ice-crystal models used here to assess MISR sensitivity to cirrus in aerosol retrievals and present the theoretical sensitivity study results. Coincident MISR and ground-based lidar cirrus retrievals as well as coincident MISR and Aerosol Robotic Network (AERONET) optical depth retrievals for natural cases are compared in section 3. Conclusions follow in section 4.
Theoretical Multiangle Imaging Spectroradiometer (MISR) Sensitivity to Thin Cirrus

Ice-Crystal and Aerosol Types
[14] The ice-crystal and aerosol types used in this paper are shown in Table 1 . Included are 18 ice-crystal types based on observations collected by Baum et al. [2005a] . Baum et al. [2005b] describe the bulk scattering properties derived from the observations. The data for MISR wavelengths are available (http://www.ssec.wisc.edu/∼baum/Cirrus/MISR_ Models.html). These crystal types represent 18 possible icecrystal size distributions found in the atmosphere with effective diameters that vary from 10 to 180 mm. (Effective diameter is defined as 1.5 times the ratio of the crystal volume to the average projected area, assuming particles are randomly oriented.) The smallest crystals tend to be shaped like droxtals, which have 20 facets and are designed to represent small quasi-spherical particles [Zhang et al., 2004] . These crystals are formed at very low temperatures and water vapor concentrations, whereas the larger crystals are represented by mixtures of shapes that depend on their sizes (http://www.ssec.wisc.edu/∼baum/Cirrus/MISR_Models. html). A nineteenth ice-crystal type is that of solid hexagonal crystals with L/D of 2 and an effective diameter of 40 mm, a typical habit for representing cirrus clouds [Takano and Liou, 1989; Macke et al., 1996] .
[15] The phase functions for four of the Baum crystal types as well as the Hex L/D = 2 at the MISR red-band wavelength are plotted in Figure 1a . Figure 1a also shows the scattering angles (dotted lines) of the nine MISR cameras when Terra is located above 10°S during the equinox. Differences between the plotted phase functions are dominated by crystal shape rather than size. (These crystals are all much larger than the MISR wavelengths, so size differences make only minor changes to the phase functions.) The Baum D e = 10 mm crystal type, dominated by the droxtal geometry, is the only one of these crystal types to have an increasing phase function with scattering angle across the range of MISR scattering angles. The Baum D e = 100 and 160 mm and Hex L/D = 2 all have similarly shaped phase functions across these scattering angles. These similarities are due to crystals with diameters between 60 and 2500 mm in the Baum et al. [2005a] climatology all being dominated by hexagonal structures (solid columns, hollow columns and plates). Evaluated at typical MISR equatorial scattering angles, the phase function for the Baum D e = 40 mm ice-crystal type falls between these two regimes, as it is a mixture of droxtals and hexagonal structures. These phase functions are consistent with the droxtals and various hexagonal structures presented by Zhang et al. [2004] and Macke et al. [1996] . It is important to note that most of the ice crystals included in these models have smooth surfaces and no air bubbles. As such features might affect the scattering phase functions for remote sensing applications, there is a need to develop a comprehensive set of natural-icecrystal optical analogs that takes these factors into account [Yang et al., 2008] .
[16] Table 1 also shows seven aerosol types. Included are four sizes of nonabsorbing spheres, two small absorbing spheres, and two dust types. Figure 1b shows the phase functions of three nonabsorbing spheres along with three icecrystal types. The phase functions of the spheres are distinct from those of the ice crystals; however, it is possible that some combinations of spheres may produce an effective phase function similar to an ice-crystal type. Figure 1c shows the phase functions of the two dust particle types, the largest nonabsorbing sphere, and the same three ice-crystal types. Combinations of aerosols and ice crystals will be explored in sections 2.4 and 2.5.
Radiative Transfer Simulations and the MISR Aerosol Research Retrieval
[17] In these sensitivity tests, we assess our ability to retrieve cirrus and aerosol properties from simulated MISR "observed" radiances for preselected, simulated atmospheres. TOA equivalent reflectances at MISR wavelengths and angles are calculated for these simulated atmospheres using a radiative transfer code developed by the MISR team [Martonchik et al., 1998 ] based on the matrix operator method [Grant and Hunt, 1968] . A specified optical depth of an ice-crystal type or aerosol type from Table 1 is included in each atmosphere. A cloud-free, Rayleigh scattering atmosphere over a Fresnel reflecting dark water surface with 1 atm surface pressure and 2.5 m s −1 wind speed is specified. These assumptions represent natural, good, but not ideal observing conditions [Kahn et al., 1997 [Kahn et al., , 2001 ; Kalashnikova and Kahn, 2006; Chen et al., 2008] . This simulated atmosphere is placed at 10°S during the equinox, where the range of MISR scattering angles is close to its minimum value. The small range of MISR scattering angles reduces MISR sensitivity [Kahn et al., 2001] , but due to the frequent occurrence of cirrus clouds in the tropics, we chose to do the sensitivity tests here; we expect MISR to have higher sensitivity to cirrus and aerosols at higher latitudes. In these tests, we assume that aerosols are distributed in the first 10 km of the atmosphere and cirrus are confined to a layer between 10 and 11 km. The assumed vertical distribution matters most for absorbing species, such as soot and smoke. In general, absorbing aerosols tend to concentrate below thin cirrus, so the exact height of the cirrus does not matter greatly, provided that it is assumed to be above the absorbing aerosols.
[18] The ability of MISR to determine aerosol and cirrus properties in these simulated atmospheres is tested using the MISR aerosol research retrieval algorithm [Kahn et al., 2001] . Up to four component particles (cirrus or aerosol) are aggregated into "mixing groups" (to be defined in the following subsections). TOA radiances are calculated for atmospheres having total cirrus/aerosol mixture optical depths ranging from 0 to 1 in increments of 0.05, with fractions of each cirrus or aerosol component ranging from 0 to 1 (also in increments of 0.05). The same radiative transfer code and atmospheric assumptions for the simulated atmosphere described above are used here.
[19] To test whether a given mixture of aerosols/cirrus in the research retrieval is an acceptable fit to the simulated atmosphere, we use the c 2 method that is described in detail by Kahn et al. [1997 Kahn et al. [ , 1998 Kahn et al. [ , 2001 . Three variants of this statistic, c abs 2 , c geon
2
, and c spec 2 , compare the absolute reflectances, reflectance ratios normalized to one view angle, and reflectance ratios normalized to one wavelength, respectively, between the atmosphere and the comparison space (i.e., each aerosol/cirrus mixture tested in the research retrieval). Each test variable is normalized by the number of channels and cameras used. The reflectances of up to fourcomponent mixtures are considered indistinguishable from those of the atmosphere if the maximum of the three c 2 test variables,
is less than a chosen constraint. c max3 2 < 1 means the average difference between the atmosphere and a comparison mixture is less than the associated measurement error. The smaller the number of aerosol/cirrus mixtures and optical depths that produce acceptable matches, the greater is the measurement sensitivity. In this section we ask the following questions:
MISR Theoretical Sensitivity to
[21] 1. How sensitive is MISR to different ice-crystal types at low latitudes when the atmosphere contains only cirrus?
[22] 2. How sensitive is MISR to cirrus optical depth in these cases?
[23] 3. Is there a small number of ice-crystal types that can generally represent all the crystal types tested here, to the degree that MISR can make crystal shape distinctions? [24] Figure 2 shows MISR cirrus sensitivities for 12 simulated atmospheres. Each atmosphere contains a single crystal type, with particle size increasing systematically as one goes in columns from right to left (Baum D e = 10, 40, 100, or 160 mm, respectively) and optical depth decreasing by row, from 0.5 at the top to 0.2 in the middle and then 0.05 at the bottom. c max3 2 values are calculated for comparison atmospheres having optical depths ranging from 0 to 1 for all 18 Baum ice-crystal types. The Hex L/D = 2 types were included in the calculation but are not shown in Figure 2 ; their behavior is similar to the largest Baum crystal types. The blue areas in Figure 2 will generally be accepted, and all others rejected, based on the c 2 tests. In all cases, MISR sensitivity to cirrus optical depth is within 0.05 or 20%, whichever is larger, similar to MISR aerosol optical depth sensitivity [Kahn et al., 2001 [Kahn et al., , 2005 .
[25] Sensitivity to ice-crystal type is more complicated. When the simulated atmosphere contains Baum D e = 10 mm crystals (left column in Figure 2 ), only Baum ice-crystal types having D e ≤ 30 mm are accepted. This is because the Baum D e = 10 mm is dominated by droxtal-shaped crystals and the phase function generally increases with angle across range of MISR viewing angles ( Figure 1 ). The Baum ice-crystal types having larger D e contain significant fractions of other crystal shapes, generally hexagonal of some form, that greatly change the nature of the phase function. When the simulated atmosphere contains Baum D e = 40 mm crystals (second column of Figure 2 ), the acceptance range is still quite small (20 mm ≤ D e ≤ 60 mm). The phase functions of the Baum crystal-types change with D e greatly in this size range, corresponding to the change in the dominant crystal shape from droxtal to hexagonal types. When the simulated atmosphere contains Baum D e = 100 and 160 mm crystals (third and fourth columns in Figure 2 , respectively), the range of acceptable Baum D e values is much wider (generally about 50 mm ≤ D e ≤ 180 mm). However, when D e in the retrieval comparison space is larger than D e in the simulated atmosphere, the retrieved optical depth is overpredicted by about 20% for those atmospheres having OD > 0.05. Smaller crystals are more efficient light scatterers, so there are corresponding optical depth underpredictions when the retrieved D e is smaller than D e in the atmosphere.
[26] To the extent that the 18 Baum ice-crystal types span the range of ice-crystal types found in the atmosphere, Figure 2 indicates that MISR aerosol retrievals would need to include between two and four ice-crystal types to capture this range. A large fraction of ice-crystal types in the atmosphere can be acceptably fit, to the degree of MISR sensitivity, with just two ice-crystal types, the small droxtal crystals (Baum D e = 10-30 mm) and the larger crystals dominated by hexagonal shapes (Baum D e = 100-160 mm). The retrieval space would be more complete if a third ice-crystal type were included to account for the transition between these two dominant shapes (e.g., Baum D e = 40 mm). Even with three ice-crystal types in the retrieval, some overpredictions and underpredictions of cirrus optical depth would be expected if only one ice-crystal type is included for the larger, hexagonal crystals. In principle, an additional large crystal type could be included to help span this space and reduce optical depth errors.
MISR Theoretical Sensitivity to Cirrus Compared With Nonabsorbing Spheres
[27] In this and the following subsections, we explore the ability of MISR to discriminate between cirrus and aerosols. This subsection looks at cirrus and nonabsorbing spherical aerosols, whereas the next will address cirrus and large aerosols of various shapes. In both sections, we ask the following questions:
[28] 1. Might aerosols alone, or mixtures of ice crystals and aerosol types, be retrieved when only cirrus is actually present in the atmosphere? If so, how much of the cirrus optical depth can be falsely attributed to aerosol?
[29] 2. Conversely, might cirrus alone, or mixtures of cirrus and aerosols, be retrieved when only aerosols are present in the atmosphere? If so, how much of the total aerosol optical depth can be falsely attributed to cirrus?
[30] Ice crystals are nonspherical, generally nonabsorbing at visible wavelengths, and large compared to most aerosols. Many common aerosol types are not light absorbing, but differences in size, and, except for mineral dust, sphericity, produce phase function differences between cirrus and these aerosols that might be detected (Figure 1b) . For this section, we defined five mixing groups, each containing three aerosol types and one crystal type. In each of the groups, the three aerosol types are 0.12 mm nonabsorbing spheres, 1.28 mm nonabsorbing spheres, and 2.8 mm nonabsorbing spheres ( Table 1 ). The ice-crystal types vary across the five groups: are the lower and upper radius limits of the aerosol distributions used to find the optical properties, respectively, r c is the number median diameter of the lognormal size distributions, s is the characteristic width of the lognormal size distributions, and r e is the effective radius, (3/4)(V/S). Abbreviation is as follows: SSA, single-scattering albedo.
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Baum D e = 10, 40, 100, and 160 mm and Hex L/D = 2, respectively. The phase functions for these types are included in Figure 1b .
[31] In Figure 3 we test the ability of MISR to retrieve cirrus for simulated atmospheres that contain only cirrus. Each of the five mixing groups is represented by one column in Figure 3 and is tested against the simulated atmospheres. Four crystal types are used in the simulated atmospheres overall, represented by the four rows in Figure 3 (labeled along the right), each with three optical depths, which are shown as three bars. The height of each bar is the ratio of the optical depth for the retrieved comparison mixture having the lowest c max3 2 to the optical depth of the atmosphere in that case. The width of each bar is inversely proportional to the best-fit c max3 2 value, so wider bars represent more confident results. The fractional AOD contribution of each component is shown with color; cirrus components are blue, whereas aerosols are represented in other colors. In Figure 3 , the wide bars where the blue portion extends to near a value of 1 are cases where cirrus was correctly identified as the component present, with approximately the correct optical depth. Wide bars that include large fractions of colors other than blue show conditions where aerosols were retrieved when only cirrus is in the atmosphere. Thin bars indicate that none of the comparison mixtures provided acceptable matches to the atmosphere. In Figure 3 , thick blue bars from the lower left panel roughly along the diagonal to the two rightmost panels of the top row, and thin bars in all the off-diagonal panels, would represent perfect crystal-type versus aerosol discrimination.
[32] For the near-diagonal cases in Figure 3 , the best-fit mixtures always match the atmospheric radiances well, and the correct total optical depth is retrieved. Cirrus correctly comprises most or all of the mixture in these cases, with increasing cirrus fraction for greater atmospheric optical depth. As we also found in Figure 2 , the retrieval does not distinguish among the larger ice-crystal types. For example, when the ice-crystal type in the retrieval mixing group is Baum D e = 100 mm and the simulated atmosphere contains Baum D e = 160 mm (or vice versa), the best-fit mixtures are accepted and are mostly cirrus. In these retrievals, the Hex L/D = 2 icecrystal type is also interchangeable with these large icecrystal types, but with slightly lower cirrus optical depths. However, when the simulated atmosphere contains Baum D e = 10 mm (bottom row of Figure 3 ), all crystal and aerosol types except the correct one are rejected, unless the optical depth is very low. This meets several retrieval expectations based on previous work: MISR sensitivity to particle properties increases with increased optical depth, and, due to a lack of spectral channels larger than 867 nm, discrimination among particle properties diminishes for particles larger than a few microns in size.
[33] In the MISR standard aerosol products up to version 22, all particle mixtures that meet the acceptance criteria are included in the calculation of "best-estimate" aerosol optical depth. As some of the accepted mixtures in Figure 3 include aerosols and retrieve total optical depths less than the atmospheric value, these cases would produce best-fit optical depth that could be skewed low, although the accepted cirrus mixtures would mitigate this effect. The reported best-fit optical properties, which are determined by the lowestresidual mixture, would correctly identify cirrus. Note also that in the off-diagonal panels in the upper left of Figure 3 , Figure 1 . The phase functions at 672 nm, as functions of scattering angle, for (a) five ice-crystal types, (b) three icecrystal types and three nonabsorbing particle types, and (c) three ice-crystal types and three large-particle types. The vertical dashed lines indicate the nine Multiangle Imaging Spectroradiometer (MISR) camera scattering angles at 10°S latitude at the equinox. when large (100 or 160 mm) crystals are in the atmosphere but the only crystals in the comparison space are 10 or 40 mm, the algorithm tends to favor large nonabsorbing spheres over the small crystals, but with decreasing confidence as the total optical depth increases.
[34] Figure 4 explores which mixtures fit best when the simulated atmosphere contains a single ice-crystal component but the MISR-retrieval comparison space contains no ice crystal and only three nonabsorbing spherical aerosols. Again, sensitivity to particle microphysical properties is low for low optical depth, except for the smallest ice crystals (Baum D e = 10 mm), where all fits are rejected (c max3 2 > 3 for all cases). However, once the atmosphere contains at least 0.2 midvisible optical depth, the algorithm finds an acceptable match (c max3 2 < 3) only in the Baum D e = 100 mm atmosphere case; all other cases correctly reject the available mixture options (i.e., no other fits are acceptable, as the c max3 2 values all exceed 3). This finding is consistent with the initial tests of the MISR sensitivity to cirrus discussed by Kahn et al. [2001] , that total column optical depth needs to be above about 0.2 to successfully distinguish between cirrus and aerosol.
[35] Figure 5 addresses the possibility of spherical aerosols being falsely attributed to cirrus. In these cases, the simulated atmosphere contains 2.8 mm (top row) or 0.12 mm (bottom row) spherical particles. The same five retrieval mixing groups used for Figure 3 are represented by the five columns here; however, the aerosol type in the simulated atmosphere is eliminated from the retrieval mixing group (e.g., for the top row, where the atmosphere contains 2.8 mm spheres, the comparison space mixing groups contain an ice-crystal type plus 1.28 mm spheres and 0.12 mm spheres only). In all cases, even the best fit is rejected. Nonabsorbing spheres cannot be fit with a combination of differently sized nonabsorbing spheres and cirrus under typical good observing conditions. as a function of retrieval optical depth and Baum-crystal effective diameter at 10°S at the equinox. For the simulated atmospheres, each column has a different ice-crystal type (left to right: Baum D e = 10, 40, 100, 160 mm), and each row of panels has a different cirrus optical depth (top to bottom: 0.5, 0.2, 0.05).
MISR Theoretical Sensitivity to Cirrus Compared With Large and Nonspherical Aerosols
[36] In this section, we repeat the previous tests, but rather than retrieving cirrus with only nonabsorbing spheres, we consider dust and the largest of the nonabsorbing spheres from the previous section. Dust aerosol is potentially difficult to discriminate from cirrus because it is also nonspherical (albeit with different geometries), and even "medium dust" is generally large for an aerosol (Table 1) . However, dust is somewhat absorbing at visible wavelengths, whereas ice crystals are not, which can help distinguish the two. The phase functions for the two dust types are plotted along with ice-crystal types and large nonabsorbing spheres in Figure 1c . These three aerosol types may be particularly difficult to distinguish from cirrus because their phase functions share characteristics with various ice-crystal types across the typical low-latitude MISR scattering angles. We again define five mixing groups having three aerosol types and one crystal type in each. In each group, the three aerosol types included are medium dust, large dust, and 2.8 mm nonabsorbing spheres. Again, each group also contains one of the five distinct icecrystal types used previously. Testing the possibility that spherical aerosols can be falsely attributed to cirrus. For these tests, the simulated atmospheres contain only a single type of nonabsorbing sphere: (top) 2.8 mm or (bottom) 0.12 mm. The retrieval comparison space contains one ice-crystal component (blue), and two of the following three nonabsorbing spheres: 0.12 mm (yellow), 1.28 mm (green), and 2.8 mm (red); for each row, the nonabsorbing spherical particle type present in the simulated atmosphere is left out of the comparison space mixing group (e.g., the mixing group on the top row does not contain 2.8 mm spheres). Conventions for layout, bar thickness and height, comparison space ice-crystal component by column, and the simulated observing geometry are the same as those for Figure 3 . As all cases are rejected, the bars are thin, and colors do not appear.
[37] In Figure 6 we test the ability of the MISR research retrieval to identify cirrus in simulated atmospheres that contain only cirrus. This figure is the same as Figure 3 , except that the mixing groups in the retrieval comparison space contain dust instead of the smaller nonabsorbing spheres. As in Figure 3 , along the near-diagonal from lower left to upper right, where the ice-crystal type in the retrieval mixing group matches the ice-crystal type in the atmosphere, the best-fit mixtures correctly contain cirrus and match the simulated observations well. Again the larger ice-crystal types (D e = 100 and 160 mm, as well as Hex L/D = 2) are essentially indistinguishable in the MISR retrievals, the small crystals (D e = 10 mm) are distinct except when the atmosphere has very low optical depth (fourth row of Figure 6 ), and the medium crystals (D e = 40 mm) tend to be confused with aerosol particles when the comparison space does not contain medium crystals (third row of Figure 6 ). The observed ambiguity might be expected, as the phase functions for medium and large dust in Figure 1c are similar to that of Baum D e = 40 mm throughout the range of MISR scattering angles at low latitudes.
[38] The retrieved total optical depths closely match those of the atmosphere in most cases when ice crystals are correctly retrieved as the particle type. However, in cases where large spherical or dust aerosol substitutes for cirrus in the retrieval result, total optical depth tends to be underestimated, especially as the atmospheric optical depth increases, and particle properties matter more to the result. These results indicate that for low-latitude geometry, combinations of large spherical aerosol and nonspherical mineral dust can be indistinguishable from the large ice-crystal types, and in such cases, the best-fit mixtures of aerosol and cirrus have only slightly lower c max3 2 values than the component mixtures containing only cirrus that produce the correct optical depth.
[39] Especially with the reduced scattering angle coverage that occurs for low-latitude geometry, previous work indicated that there are limits to MISR particle type discrimination; these limitations are revealed by the current sensitivity study as well. For example, when the simulated atmosphere contains Baum D e = 40 mm (third row of Figure 6 ), all retrievals that do not include this ice-crystal type tend to be accepted, but the best-fit fraction that is cirrus is always less Figure 6 . Testing the possibility that cirrus could be falsely identified as mineral dust or large spherical particles in simulated MISR retrievals. This figure is the same as Figure 3 , except that in the comparison space mixing groups, the smaller nonabsorbing spheres have been replaced with mineral dust: cirrus (blue), 2.8 mm nonabsorbing spheres (yellow), medium dust (green), and large dust (red).
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than 0.6. The medium and large dust comprise a large fraction of these best fit mixtures, which makes sense considering that their phase functions are similar to that of Baum D e = 40 mm throughout the range of MISR scattering angles (Figure 1c) . However, at higher latitudes, MISR samples scattering angles smaller than 80°, approaching 40°near the poles; according to Figure 1c , we would expect greater distingishability between the cirrus and dust optical models away from the tropics.
[40] When the simulated atmosphere contains Baum D e = 100 or 160 mm (top two rows of Figure 6 ), the retrieval mixing groups that contain Baum D e = 10 or 40 mm tend to be rejected at low optical depths but are accepted at higher optical depths, and the results contain very little cirrus. This behavior is different from typical MISR-sensitivity results, where sensitivity to particle properties increases with increasing atmospheric optical depth. It occurs in this case because a mixture of about two-thirds medium dust and onethird large spheres happens to match the large ice-crystal signal when the combined aerosol optical depth is about 60% of the cirrus optical depth. The total optical depth in the MISR research retrieval is evaluated in steps of 0.05, so in the case when the cirrus optical depth in the atmosphere is 0.05, the MISR research retrieval does not evaluate the total optical depth of 0.03 where the combination of medium dust and large spheres would give a good fit. Conversely, when the cirrus optical depth in the atmosphere is 0.5, the MISR research retrieval does evaluate the total optical depth of 0.3 and has a good fit. This decreased sensitivity at higher optical depths for combinations of dust and large spheres misrepresenting cirrus also occurs, although to a lesser degree, at midlatitudes (40°N tested, but not shown) . However, the sensitivity of MISR to cirrus generally increased overall at 40°N, as expected.
[41] Figure 7 explores which mixtures fit best when the atmosphere contains a single ice-crystal component whereas the MISR-retrieval comparison space contains no ice-crystal components and does contain one large nonabsorbing spherical component and two dust components (similar to Figure 4 , but focusing now on larger and nonspherical particles). Each of the four simulated-atmosphere cases again contains one of four ice-crystal types. The results here parallel those for the off-diagonal panels in Figure 6 , discussed above. The Baum De = 10 mm crystals tend to be distinct (i.e., no acceptable cases with c max3 2 < 3), but for the other atmospheres, the match improves (c max3 2 decreases), and the optical depth decreases, as large spheres and dust are indistinguishable from the larger crystals. In light of the results presented earlier, this is not surprising, but it raises a caution about retrievals in dusty marine regions that contain dust, sea salt (which can be large, spherical particles) and cirrus.
[42] As in the previous subsection, we also need to determine if these large aerosol types can be mistaken for cirrus or mixtures of cirrus and other large aerosol types. In Figure 8 , the simulated atmospheres contain either large dust (top row) or medium dust (bottom row). The five retrieval mixing groups from Figure 3 are represented by the five columns. Again, the aerosol type actually contained in the simulated atmosphere is eliminated from the retrieval comparison space (e.g., for the top row, where the atmosphere contains large dust, the mixing groups contain only an ice-crystal type, 2.8 mm spheres, and medium dust). Acceptable fits of the simulated atmosphere containing large dust occur for the larger optical depths in the retrievals with mixing groups Figure 7 . Retrieval results for atmospheres containing only cirrus when the retrieval algorithm comparison space contains only large spherical, nonabsorbing particles or dust: 2.8 mm nonabsorbing spheres (yellow), medium dust (green), and large dust (red). Simulated atmospheres contain D e = 10, 40, 100, or 160 mm cirrus, as indicated. Conventions for layout, bar thickness and height, and the simulated observing geometry are the same as those for Figure 3. containing Baum D e = 10 or 40 mm. In these cases, the retrieved mixtures are primarily cirrus, and the total optical depths are greater than that of the dust in the atmosphere; that is, when cirrus substitutes for aerosol, the optical depth can be overestimated. In all other cases, there are no acceptable matches when the comparison space does not contain the particles in the simulated atmosphere. However, the cases where large dust may be misattributed to cirrus again highlight the limitations for distinguishing cirrus and aerosols in dusty marine environments. Table 2 , which covers a range of cirrus optical depths from 0 to about 0.3. The first letter of each case name represents its location, either Manus, Papua New Guinea (M), Darwin, Australia (D), or Nauru (N). The second letter indicates whether the case has a lidar-derived cirrus optical depth, with optical depths between 0.03 and 0.3 (C), an AERONET aerosol optical depth (only the highest-quality level 2.0 data are used) (A), or both (B). Unfortunately, there were only six cases where the lidar-derived cirrus optical depths are between 0.03 and 0.3 and AERONET also retrieved a level 2.0 aerosol optical depth (lower-quality level 1.5 data did not provide additional cases here). This lack of coincident optical depth measurements is because AERONET aerosol optical depth is screened for cloud contamination. Cirrus optical depths from the lidar are retrieved using the lidar transmittance method described by Comstock and Sassen [2001] . Lidar optical depths were retrieved using backscatter profiles averaged over 5 min to improve the signal-to-noise ratio, and lidar backscatter was visually inspected to verify cloud boundaries and presence of aerosol.
Comparison of MISR Cirrus and Aerosol
[44] The mean and standard deviations of cirrus optical depths were found using data from 15 min before until 15 min after the MISR overpass. Mean aerosol optical depths from AERONET were also found using data from this same time span (standard deviation not given because there were at most two measurements in this time interval).
[45] For each case listed in Table 2 , MISR research aerosol retrievals were attempted for between 3 and 14 different 3 km × 3 km patches within ∼200 km of the lidar stations. Patches were chosen manually by viewing the true-color images from the nine MISR cameras and checking digitally for scene homogeneity between the cameras. Closer patches were given preference; however, sometimes distance from the surface site was required to obtain a successful retrieval, due primarily to scene variability, as discussed below. Table 2 shows the number of retrieval patches tested as well as the number of successful patches, for which at least one cirrus/ aerosol mixture was retrieved having c max3 2 < 3. On some days when thin cirrus clouds were measured, a large number of patches were needed to assess the cirrus field variability. (Note that for many cases, the standard deviations in optical depth measured by lidar are as large as the mean.) Consistent with this interpretation, fewer patches were generally required to obtain successful retrievals in situations where cirrus clouds were absent. On some days when thin cirrus Figure 8 . Testing the possibility that dust aerosol can be falsely attributed to cirrus. For these tests, the simulated atmospheres contain only (top) large dust or (bottom) medium dust. The retrieval comparison space contains one cirrus component (blue), the 2.8 mm nonabsorbing sphere component (yellow), and one of the two nonspherical dust components, medium dust (green) or large dust (red); for each row, the particle type present in the simulated atmosphere is left out of the mixing group (e.g., the mixing group on the top row does not contain large dust). Conventions for layout, bar thickness and height, comparison space cirrus component by column, and the simulated observing geometry are the same as those for Figure 3. were measured by the lidar, only a few patches were found where we judged that a MISR retrieval might be successful (e.g., DC1 and DC2), so no more than several patches were attempted, and in these two cases, none of the patches resulted in successful retrieval fits). The 16 mixing groups listed in Table 3 , each containing one ice-crystal type plus three aerosol types, were all tested for each patch. Large nonabsorbing spheres and medium dust are included in each mixing group because sea-salt aerosols are common at these maritime sites, and the sites also occasionally receive transported dust [Kahn et al., 2001] (transported dust tends to be depleted of larger dust particles). The third aerosol component in each mixing group is varied among the small nonabsorbing sphere, two small absorbing spheres having two different single-scattering albedo values, and a medium nonabsorbing sphere. These account for the possibility that transported biomass burning, pollution aerosol, or a smaller mode of sea-salt aerosol is present. The same vertical distributions of cirrus and aerosol assumed in the MISR research retrieval described in section 2.2 are used here.
[46] To assess the ability of MISR to retrieve cirrus when cirrus are present, Figure 9a shows the results of the coincident lidar-and MISR-retrieved cirrus optical depth comparisons for days where the lidar detected thin cirrus (OD between 0.03 and 0.3). For each case, the blue circle shows the mean lidar-retrieved optical depth, and the blue line shows the standard deviation due to cirrus variability. The red symbols show the cirrus optical depth for the best-fit mixture 
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of each patch, provided c max3 2 < 3 for the best-fit mixture. The shapes of the symbols denote the ice-crystal type in the mixing group having the best fit. The wide pink bars give the range of MISR-retrieved cirrus optical depths from any acceptable fit from all patches considered. The cases are arranged in order of lowest to highest lidar-retrieved mean cirrus OD.
[47] In 70% of the 24 cases in Figure 9a , MISR obtains good agreement with the lidar-retrieved OD. To be classified as good agreement (1) the mean lidar-retrieved cirrus OD must be within the span of accepted MISR cirrus fits and (2) a majority of the MISR best-fit cirrus optical depths must fall within one standard deviation of the lidar cirrus optical depth. Of the 7 cases that did not meet both the mean and standard deviation criteria above, 2 cases had no acceptable fits (DC1 and DC2), 4 had MISR biased significantly low (DC3, DC8, DB1, and NC5), and in 1, MISR was biased significantly high (DB2).
[48] In this limited sample, MISR tends to be biased low more often than high; about nine cases appear to be biased low (including cases classified as good fits) versus three that appear to be biased high. The low bias is more prevalent when the lidar-retrieved cirrus OD is higher and has greater variability (right-hand side of Figure 9a ). Horizontal inhomogeneity in the cirrus field probably contributes to the low bias, combined with several attributes of the way MISR aerosol retrievals are performed; Figure 10 illustrates the point. Because cirrus clouds in the tropical region tend to be 10-15 km above the surface, the cirrus appear to move over 50 km relative to Earth's surface between the most oblique forward and aft MISR cameras. For inhomogeneous cirrus fields, thicker cirrus may appear in a given surface location for one camera, whereas thin cirrus or no cirrus at all may appear above the same surface location when viewed by other cameras. This relative movement between cameras is used to retrieve the heights and wind speeds of optically thick clouds and aerosol plumes [Moroney et al., 2002; Marchand et al., 2007; Kahn et al., 2007] ; however, the low optical depths of thin cirrus clouds are often below the cloud-screening detection limit. The MISR standard aerosol retrievals used to generate MISR aerosol products are based on the assumption of aerosol homogeneity over a 17.6 km aerosol retrieval region and the requirement that a significant fraction of 1.1 km subregions within the retrieval region meet angle-to-angle smoothness and angle-to-angle correlation criteria. Data are filtered for these criteria automatically by the MISR standard aerosol retrieval algorithm Kahn et al., 2009] . For the research aerosol retrieval algorithm used here, such tests are done by hand. Variability is more likely to be significant, and to be detected and screened out by both methods, when the optical depth of the scene is higher, producing a statistically net low bias to the MISR retrievals. Furthermore, even if this variability is not entirely screened out, it will contribute to noise in the data and will cause c max3 2 values to increase. This will reduce the number of successful retrievals for high and highly variable OD cases and contribute to a low bias in the MISR optical depth retrievals.
[49] The mixing groups having the best fits in the various patches studied here predominantly contain the Baum D e = 10 or 20 mm crystal types (67% of the time, shown by red crosses in Figure 9a ). This result indicates that MISR finds that these high, thin cirrus clouds often have the scattering properties of droxtal crystals, a result consistent with measurements showing that such crystals are common in high cirrus clouds [Zhang et al., 2004] . However, as we do not have additional information on the actual crystal types for these cirrus, it is difficult to evaluate further MISR's ability to discriminate ice-crystal shape.
[50] To assess the ability of MISR to retrieve little or no cirrus on days when no cirrus are present according to the lidar measurements, Figure 9b shows the comparison of lidarretrieved cirrus optical depths with MISR-retrieved cirrus optical depths for the cases where the lidar-retrieved cirrus optical depth was less than 0.03. Only two patches had bestfit cirrus optical depths above 0.1 across all cases, and only two cases had any acceptable fits with cirrus optical depths above 0.2. These results are consistent with the theoretical studies in this paper; under most conditions, the best-fit retrievals will not falsely attribute aerosol to cirrus. In several cases (e.g., DA9, DA10, and NA7), the best-fit retrievals do show thin cirrus with optical depths >0.05 for some patches. This may be due to (1) the presence of large dust aerosols, (2) some combination of aerosol types that can be mistaken for cirrus, or (3) the actual presence of cirrus that did not pass directly over the lidar station within 15 min of the MISR overpass but was within the MISR swath. Due to scene variability, the third possibility is especially likely in many cases.
[51] Figure 9c shows a comparison between AERONETretrieved AOD and best-fit MISR-retrieved OD, arranged in order of increasing AERONET AOD. Included are both the MISR-retrieved total (cirrus plus aerosol) OD and MISR- retrieved aerosol-only OD for successful patches near the AERONET site. The AERONET/MISR comparison shows generally good results for both the MISR total OD and the MISR aerosol-only OD at low OD (OD < 0.2, left side of Figure 9c) ; however, at higher OD (OD > 0.2, right side of Figure 9c ), the MISR total OD compares better with AERONET than the MISR aerosol-only OD, which is generally lower. There are only a few instances in all cases where the MISR total OD is significantly higher than the AERONET AOD. Overall the retrieval of total optical depth is very good, with a correlation coefficient of 0.83 and a mean normalized bias of −2.5% (biased low). Because of the disagreement at high AERONET AOD, the comparison to MISR aerosol-only OD was not as strong, having a correlation coefficient of 0.56 and a mean normalized bias of −26% (biased low); again the leading cause seems likely to be scene variability. However, we note that the very small number of validation cases within the scope of the present study does not in itself address the ability of MISR to retrieve total and aerosol-only OD in the presence of cirrus globally.
[52] For the high AERONET AOD cases, there are two possible explanations as to why the MISR total OD agrees with the AERONET AOD but the MISR aerosol-only OD does not: (1) there could actually be cirrus in the atmosphere that is not filtered out by the AERONET cloud-screening process and (2) MISR might be falsely attributing some aerosol optical depth to cirrus. A combination of these explanations is likely occurring, as is shown by exploring individual cases. For the cases NB1, DB2, and DB3, Figure 9a shows that cirrus is measured in the atmosphere by the lidar and is also detected by MISR. In these three cases, it appears to be most likely that AERONET AOD contains cirrus OD to some degree, and the AOD reported by AERONET is actually AERONET aerosol plus cirrus OD. (Note: For case DB2, the MISR cirrus OD is higher, so both explanations may apply here.) Conversely, cases DA3, DA8, DA9, and DA7 had little to no cirrus measured by the lidar, whereas MISR did retrieve at least some cirrus (Figure 9b ). In these cases, it appears more likely that either aerosol is being falsely attributed to cirrus by MISR or that there was cirrus near the measurement site observed by MISR and AERONET but not by the lidar. Regardless of the explanation, the results in Figure 9c show that MISR retrieves total (aerosol plus cirrus) optical depth with high reliability in the presence of thin cirrus.
[53] More evaluation of MISR's ability to discriminate between aerosols and thin cirrus must be done to validate a global thin cirrus product. Future implementation would benefit from using 3-D global chemical-transport models to determine if dust or cirrus is likely to be present in a MISR retrieval region.
Conclusions
[54] In this paper we explored the sensitivity of MISR aerosol retrievals to thin cirrus clouds, both theoretically and using observations from ground-based lidar and AERONET. In the theoretical tests of atmospheres containing only cirrus, we found that MISR is sensitive to cirrus optical depth within Max{0.05, 20%}, similar to the sensitivity of MISR to aerosol optical depth, provided the retrieval comparison space contains a good match to ice-crystal type in the atmosphere. MISR can distinguish between small, droxtal-like ice crystals and larger, hexagonal-like crystals based on singlescattering phase function differences, even at low latitudes, where MISR does not sample scattering angles below about 80°. However, in situations where cirrus is present but the retrieval comparison space lacks these components, the retrieval tends to underestimate OD, especially for OD greater than 0.1.
[55] Cirrus generally cannot be mistaken for combinations of nonabsorbing spherical aerosols when the cirrus optical depth is greater than about 0.2. However, we found several cases where cirrus can be mistaken for combinations of dust and large spheres (and visa versa), even at optical depths of 0.5, for low-latitude geometries, where the range of scattering angles observed by MISR is smallest.
[56] In comparisons with near-coincident lidar observations, MISR successfully retrieved cirrus optical depth in 70% of cases (criteria defined in section 3). However, the ability to test MISR optical depth retrievals in situations of higher cirrus optical depth (OD > 0.15) was limited due to scene variability. Horizontally inhomogeneous fields of very Figure 10 . Demonstration of the relative movement of small-spatial-scale cirrus compared to the surface when viewed from three different MISR cameras (parallax). Images were taken from orbit 27896 off the coast of Nauru Island. The red marker identifies a stationary point on the surface. When viewed from different angles, the cirrus cloud appears to move relative to the surface. thin cirrus provide inherent difficulties for the MISR retrieval approach, and, in addition, differences between the MISR and ground-truth observation coverage regions can be important. In cases where little to no cirrus were detected by the lidar, MISR best fits did not attribute more than 0.05 OD to cirrus in most cases.
[57] MISR total OD compared well to AERONET AOD (correlation coefficient of 0.83 and a mean normalized bias of −2.5%); however, MISR aerosol-only OD was often lower than AERONET AOD in cases where the AERONET AOD was greater than 0.2. This is most likely due to cirrus in the atmosphere that is not filtered out of the AERONET AOD product or MISR falsely attributing some AOD as cirrus OD. Individual cases show that a combination of these explanations is likely.
[58] The results of this paper show that MISR standard aerosol retrievals could be improved by the inclusion of between two and four ice-crystal types in the standardalgorithm comparison space to complement the existing eight aerosol types. Due to computational limitations of the algorithm, adding two ice-crystal types may be the most practical, and would capture typical MISR sensitivity to the natural range of cirrus properties in most situations. On the basis of the results presented here, these would include one small, droxtal-like crystal type (e.g., Baum D e = 10 mm) and one larger, hexagonal-like crystal type (e.g., Baum D e = 100 mm). At least two crystal types are needed because of the large differences in the associated phase functions between the droxtal-like and hexagonal-like types at the wavelengths and scattering angles observed by MISR. The cirrus optical models used here were derived primarily from available in situ aircraft measurements. To the extent that they represent the range of natural conditions, they establish the degree of generality of our approach. However, the ice-crystal models we use assume smooth crystal surfaces and no entrained air bubbles, so sensitivity to cirrus might change somewhat for next-generation cirrus optical models that account for these features [Yang et al., 2008] . It is also possible that the ice crystals in thin cirrus may have effective diameters smaller than 10 mm [Lin et al., 1998 ], which is the smallest effective diameter tested here, and this may also affect the sensitivity. In addition, a basic assumption in the MISR standard aerosol retrieval algorithm is spatial homogeneity on 10 km scales. As expected, and as illustrated by the validation examples of section 3, this assumption is frequently violated in regions where cirrus is commonly observed; a practical implementation of thin cirrus retrieval in the MISR standard aerosol algorithm over water should probably include an initial assessment of scene spatial variability on these scales.
[59] The ability to distinguish between aerosols and thin cirrus by a multiangle, multispectral satellite instrument can be increased by including wavelengths longer than the 0.867 mm MISR band (e.g., 1.6 mm) or by including polarization measurements. A quantitative assessment of how aerosol/cirrus sensitivity would be improved by these additions would be important for future mission design.
